Abstract: X-ray telescopes are an exceptional tool for searching for new fundamental physics. In particular, X-ray observations have already placed world-leading bounds on the interaction between photons and axion-like particles (ALPs). ALPs are hypothetical new ultra-light particles motivated by string theory models. They can also act as dark matter and dark energy, and provide a solution to the strong CP problem. In a background magnetic field, ALPs and photons may interconvert. This leads to energy dependent modulations in both the flux and polarisation of the spectra of point sources shining through large magnetic fields. The next generation of polarising X-ray telescopes will offer new detection possibilities for ALPs. Here we present techniques and projected bounds for searching for ALPs with X-ray polarimetry. We demonstrate that upcoming X-ray polarimetry missions have the potential to place world-leading bounds on ALPs.
Introduction
The Standard Model (SM) of particle physics was completed by the discovery of the Higgs boson in 2012 [1, 2] , and reproduces a range of experimental results to astonishing accuracy [3] . However, a host of observational and theoretical problems point to new physics as yet undiscovered. In particular, the discovery of dark matter [4, 5] suggests that at least one fundamental particle remains to be found. Astrophysical observations represent a powerful tool in searching for new fundamental physics. From the discovery of dark matter, to powerful constraints on its self-interactions [6] and its interactions with baryonic matter [7] , astrophysics offers a potentially unique window to particle physics discovery.
Axion-like particles (ALPs) are one of the leading candidates for new physics beyond the Standard Model. String theory models typically involve many ultra-light ALPs [8] [9] [10] .ALPs can act as both dark matter and dark energy [11] , and the QCD axion offers an explanation for the non-observation of the neutron's electric dipole moment [12] . ALPs interact weakly with SM particles. In particular, in the presence of a background magnetic field, ALPs and photons may interconvert [13] . This effect has been used to search for ALPs with both astrophysics and laboratory experiments [14] . X-ray astronomy is typically the optimal wavelength to search for low mass (m a 10 −12 eV) ALPs. For photons and ALPs propagating through typical astrophysical plasmas with electron densities n e ∼ 10 −4 − 10 −2 cm −3 , the X-ray spectrum in particular displays prominent oscillations, as described below. The effect of low mass ALPs at other wavelengths is often more subtle, and therefore X-ray astronomy has perhaps a crucial role to play in searching for axion-like particles. Existing X-ray data has been used to place world-leading bounds on the ALP-photon interaction by searching for characteristic modulations in the spectra of point sources passing through the magnetic fields of galaxy clusters [15] [16] [17] [18] .
The advent of polarizing X-ray telescopes is an exciting development in the quest for axion-like particles. As described below, the photon to ALP conversion probability depends on the direction of the photon's polarization with respect to the magnetic field direction. Therefore the existence of ALPs would lead to distinctive signatures in the X-ray polarization spectrum of sources passing through large magnetized regions. Upcoming missions such as IXPE [19] and Polstar [20] open up new search strategies with the potential to discover ALPs. Such strategies have been discussed previously in [21] , where photon to ALP conversion in the magnetic field of the Virgo supercluster is used. Under optimistic assumptions about this magnetic field, strong bounds on the ALP-photon coupling may be obtained.
We propose to search for signatures of ALPs in the X-ray spectrum of the linear polarization degree and polarization angle of point sources situated in or behind galaxy clusters. Clusters are known to host O(µG) magnetic fields over O(Mpc) distances [22] , making them ideal photon to ALP converters. This method has the potential to place world-leading bounds on the ALP-photon coupling, and therefore also has the potential to discover ALPs whose couplings are too weak to be detected by current experiments. In the next section, we will summarise the key results of ALP-photon physics. In section 3, we will describe our methodology for setting bounds on the ALP-photon coupling, and in section 4 we will present projected bounds from IXPE and Polstar data. In section 5 we will discuss these bounds and future prospects for ALP discovery with X-ray polarimetry.
Axion-Like Particle Phenomenology
The ALP-photon interaction is described by the Lagrangian
where a is the ALP field, E and B are the usual electric and magnetic fields and g aγγ is the ALP-photon interaction strength. Assuming that the wavelength of the ALP and photon is much shorter than other scales in the environment, we can find a linearized equation of motion describing ALP-photon interconversion: 2 . Faraday rotation between the two photon polarizations is parametrized by ∆ F . At X-ray energies, this effect is negligible, so we take ∆ F = 0.
The ALP-photon interconversion process is mathematically similar to neutrino oscillations, or to Faraday rotation with the ALP acting as a 'third photon polarization'. In practice, we simulate ALP-photon interconversion by solving equation (2) numerically. In general, we find that the photon to ALP conversion probability P γ→a is proportional to B 2 g 2 aγγ , and to the total extent and coherence length of the magnetic field. Consistency with current observations requires g aγγ 5 × 10 −12 GeV −1 [15, 16, 23, 24] .
ALP-photon interconversion leads to pseudo-sinusoidal oscillations in the spectrum of photons passing through a galaxy cluster. An example of such an oscillatory photon survival probability is shown in figure 1(a), for ALPs with g aγγ = 10 −12 GeV −1 . We have used the magnetic field experienced by photons from NGC1275, the AGN at centre of the Perseus galaxy cluster, described below. The spectrum is convolved with an energy resolution 450 eV. The energy resolution of the detector is crucial to ALP searches, as a poor energy resolution will smear out the characteristic oscillations. In this work, we assume that Polstar has an energy resolution of ∆E = 450 eV below 10 keV, and ∆E = 4 keV at 50 keV, rising linearly between 10 and 50 keV [20] . IXPE has proportional counter energy resolution [19] . We will assume a 12% resolution at 5.9 keV, with ∆E ∝ √ E [25] . The form of the photon survival probability spectrum depends on the (unknown) precise configuration of the cluster's magnetic field along the line of sight. However, the oscillatory structure is generic.
As well as the total flux, upcoming telescopes will measure the linear polarization and polarization angle of X-rays. As shown in equation (2), only photons polarized parallel to the background magnetic field participate in ALP-photon interconversion. Therefore, the existence of ALPs induces an oscillatory linear polarization in the spectrum of an initially unpolarized source passing through a magnetic field. Even if the source is initially polarized, ALP induced oscillations in p lin are seen. Figure 1(b) shows the Stokes parameters and figure 1(c) the degree of linear polarization for initially unpolarized light passing through Perseus' magnetic field.
Methodology
Our first task is to simulate observations by IXPE and Polstar of NGC1275 both with and without the presence of ALPs. We assume that the flux of the source is given by a power law:
as found in [26] . We take a constant source spectrum for the degree of linear polarization p lin and polarization angle ψ. NGC1275 is a Type 1.5 AGN, so we do not expect to see significant energy dependence in its intrinsic polarization [27] . Future study of ALP searches with X-ray polarimetry should take into account detailed modelling of the source polarization and its uncertainties, as well as full instrumental simulation. For this preliminary study, we use a simplified source model and focus instead on the ALP physics. We consider the cases where NGC1275 has intrinsic linear polarization p lin = 0, p lin = 1% and p lin = 5%. We must also consider the effect of the background (unpolarized) intracluster medium on the observations. The angular resolutions of IXPE and Polstar are ∼ 30 and ∼ 60 respectively (half-power diameter) [19] . The signal to background ratio depends on the AGN luminosity, which varies on a timescale of years. Based on Chandra observations of NGC1275, we will conservatively assume a signal to background ratio of R S/B = 1/3. As derived in [28] , the optimal fraction of the total observation time spent observing the background rather than the source is f off =
We bin the spectra such that each bin has an equal number of expected counts, and such that each bin width is greater than the telescope's energy resolution at the bin's central energy. We use 8 bins for IXPE and 10 for Polstar. When simulating measurements in each bin, we do not take any further account of telescope's energy resolution. This approximation is acceptable as our bins are wider than this resolution, but a more detailed study including full instrumental simulation should take this effect into account. Our procedure leads to bin widths that increase with energy. This ensures that we have sufficient statistics in each bin, and takes advantage of the fact that ALP induced oscillations are broader at higher energies.
In the absence of detector simulation, we simply draw the measured p lin and ψ in each bin from the distribution derived in [28] :
with
and
Equation (4) describes the probability of measuring a linear polarization degree p lin and polarization angle ψ in a given bin, given that the true values in that bin are respectively p 0 and ψ 0 . R S and R B are the expected signal and background rates, T is the total observation time and I = R S T(1 − f off ) is the total source intensity. The quality of the polarization measurement depends crucially on the modulation factor µ. µ is the amplitude of the modulation of scattered photons or photo-electrons for a completely polarized beam. We take µ as a function of energy from the values reported in [19] and [20] . We also require the telescopes' effective area to compute R S and R B . We assume a constant effective area of 750 cm 2 for IXPE [19] and take the functional dependence for Polstar given in [20] . We assume a total observation time T = 1 Ms.
In the case without ALPs, we take a constant true linear polarization degree of p 0 = 0, p 0 = 0.01 or p 0 = 0.05. We take an (arbitrary) constant true polarization angle ψ 0 = 0. In the case with ALPs, we use this constant linear polarization degree and angle as the initial state of a numerical simulation of equation (2) . In this way, we find the final state ALP-photon vector for X-rays originating from NGC1275 and propagating through the Perseus galaxy cluster. We then compute the final state Stokes parameters, and thus the final state p 0 and ψ 0 . We require the electron density and magnetic field along the line of sight as inputs to (2) . Physically, these determine the effective mass difference between the ALP and the photon, and the strength of the ALP-photon mixing respectively. We take the electron density n e (r) of Perseus from [29] . We take a central magnetic field strength of 25 µG, as inferred in [30] . We assume the magnetic field falls off radially as B ∝ n 0.7 e , based on detailed modelling of the Coma cluster [31] . Information on the coherence length and power spectrum of Persei magnetic field is not available. We therefore choose values motivated by the structure of the magnetic field in the cool core cluster A2199 [32] . We assume a minimum coherence length of 3.5 kpc, and a maximum coherence length of 10 kpc. We simulate the magnetic field along the line of sight from NGC1275 by drawing domain lengths randomly within this range with probability P(l = x) ∝ x −1.2 . In each domain, the magnetic field takes a constant, random direction. We simulate a total length of 1 Mpc. These are the same underlying parameters as in [26] . In this way, we find the true linear polarization degree and angle in the presence of ALPs in each energy bin. As shown in figure 1 , the presence of ALPs induces an energy dependence of p 0 and ψ 0 . We then randomly generate the measured p lin and ψ in each bin from equation (4).
We now consider fitting a model without ALPs (i.e. a model with constant p 0 and ψ 0 ) to the measured (or, in our case, simulated) spectra. We do this by maximizing the likelihood given by equation (4) . We are now in a position to calculate projected bounds on ALPs from our simulated data. Our bounds are based on the fundamental principle that, if ALPs with a sufficiently strong coupling to photons exist, the constant model not including ALPs will be a bad fit to the polarimetry data. For each initial polarisation of the AGN, we simulate 10000 data sets without ALPs. We then fit the constant no ALP model to each of these fake data sets, obtaining the likelihood value of each fit. For each initial polarisation, we then have a set of likelihoods {L noALP } for the fit of a no ALP model to data simulated without ALPs. In practice, we cannot know how good a fit the data actually obtained will be to standard astrophysical polarisation models. The strength of the bounds inferred from the real data will depend on the goodness of this fit. Here, we will take the average value of {L noALP }, L av noALP , to represent the goodness of fit when no ALPs are present in the data. We also consider a more conservative case in which the polarimetry data happen to be a rather bad fit to standard astrophysical models. In this case, we take the 90th percentile likelihood value, L 90 noALP ,to represent the goodness of fit when no ALPs are present in the data.
If the effects of ALPs are sufficiently strong in the polarimetry data, a model not including ALPs will be a bad fit to the data. We use this basic principle to place bounds on ALPs. For each g aγγ value, we are considering two hypotheses:
• The null hypothesis H 0 that ALPs exist with coupling g aγγ or higher to electromagnetism, and mass m a 10 −12 eV. • The alternative hypothesis H 1 that ALPs with coupling g aγγ or higher to electromagnetism, and mass m a 10 −12 eV do not exist.
We seek to exclude the null hypothesis, and hence rule out ultra-light ALPs with electromagnetic coupling g aγγ or higher. To do this we take a Bayesian approach, assuming a flat prior for the value of g aγγ . We compare P(data|H 0 ) to P(data|H 1 ) [33] . For each g aγγ value, and each initial polarisation value, we use the following procedure: 1. Randomly generate 1000 different magnetic field realisations B i for the line of sight to NGC1275. 2. For each B i , generate the ALP induced linear polarisation p i 0 (E) and polarisation angle ψ i 0 (E) spectra, by numerically propagating the initial photon vector through the cluster. 3. From each {p i 0 (E), ψ i 0 (E)} pair, generate 10 fake data sets by randomly sampling from equation (4). 4. Fit the no ALP constant model to each of the resulting 10,000 fake data sets, and find the corresponding likelihoods {L i gaγγ }. 5 . If fewer than 5% of the {L i gaγγ } are equal to or higher than L av noALP (or L 90 noALP for the more pessimistic case), g aγγ is excluded at the 95% confidence level.
This method is equivalent to using P(data|H 1 ) as a test statistic. In steps 2 -4, we use Monte Carlo simulations to generate the null distribution of this test statistic. Tables 1 and 2 show our projected bounds. These bounds are more constraining than existing bounds on low mass ALPs. For example, Chandra observations of NGC1275 give g aγγ 1.4 × 10 −12 GeV −1 [15] . A comparison of our projected bounds with current constraints is shown in figure 2.
Results

Discussion
Our preliminary projections of bounds from polarimetry measurements are approximately equal to or exceed by a factor of a few those obtained from X-ray flux only measurements of NGC1275 [15] . These observations therefore have the potential to explore new regions of ALP parameter space. Even in the more pessimistic cases, obtaining similar bounds from different observables will increase our confidence in the exclusion of ALPs. Furthermore, improved bounds may be obtained by considering the polarisation and flux measurements together. For example, in the ALP case, regions of anomalously low flux are expected to be correlated with regions of anomalously high polarization.
One limitation of this preliminary study is that we approximate the source's polarization spectrum as a constant, rather than using state of the art astrophysical models and their uncertainties. When IXPE data is used to set bounds on ALPs, full instrumental and astrophysical modelling should be used. However, we note that ALPs give a distinctive oscillatory signature in the polarisation spectrum, which is unlikely to be mimicked by standard astrophysics. As shown above, our bounds are quite robust to the level of intrinsic polarization of the AGN, and to statistical fluctuations in the observations. We also mention in passing that ALPs can generate circular polarisation in an initially unpolarised spectrum [21] . Although not accessible by upcoming X-ray polarimeters, this effect could be used in future to search for ALPs. X-ray polarimetry presents exciting prospects for fundamental physics, and in particular allows us to access novel signatures of ALPs. In this paper, we provide a proof of principle study of using oscillations in the linear polarization degree and angle of point sources shining through galaxy clusters to search for axion-like particles.
